Contact detection between interacting blocks is of great importance to discontinuity-based numerical methods, such as DDA, DEM, and NMM. A rigorous contact theory is a prerequisite to describing the interactions of multiple blocks. Currently, the penalty method, in which mathematical springs with high stiffness values are employed, is always used to calculate the contact forces. High stiffness values may cause numerical oscillations and limit the time step. Furthermore, their values are difficult to identify. The intention of this study is to present a two-scale contact model for the calculation of forces between colliding blocks. In this new model, a calculation step taken from the moment of contact will be divided into two time stages: the free motion time stage and the contact time stage. Actually, these two time stages correspond to two real physical processes. Based on this, we present a new numerical model that is intended to be more precise and useful in calculating the contact forces without mathematical springs. The propagation of the elastic wave during collision is of a characteristic length, which determines the volume of material involved in the contact force calculation. In conventional contact models, this range is always regarded as the length of one element, which may lead to an inaccurate calculation of contact forces. In fact, the real scale of this range is smaller than the length of a single element, and subdivided elements, which are refined according to the characteristic length and are presented in the new contact model. two-scale, contact model, collision, elastic wave, element subdivision
Introduction
The description of the mechanical features of the collision between interacting blocks is typically a complex problem in any discontinuity-based numerical method, such as the discrete element method (DEM) [1] [2] [3] , discontinuous deformation analysis (DDA) [4] [5] [6] [7] , the combined finite-discrete element method (FDEM) [8, 9] , and the numerical manifold method (NMM) [10, 11] . Using an appropriate contact model is the key to resolving this problem, which is the calculation of contact forces during dynamic collision. For conventional contact theory, the contact forces are always calculated using springs with high stiffness values. Furthermore, the calculation of the Hertz force [12, 13] between two elastic balls is a relatively advanced method.
The most general method used in the calculation of contact forces is the application of springs between two contact points, and the types of springs are based on the contact types. The penalty method is regarded as an efficient approach to solving this problem and has been used in many DDA and DEM models [14] [15] [16] [17] [18] [19] . In the penalty method, contacting blocks are connected by springs with high stiffness values, and the displacement compatibility condition may be satisfied through the continuum condition. Goodman et al. [19] presented a useful element to calculate the stiffness values of the contact springs. It is important to note that the mechanical properties of the block system are al-tered if springs are added into the calculation. In this manner, the structure layer model [20] , which is cut from the adjacent element, may be used to solve the aforementioned problem. However, the thickness of the layer is not explicitly defined.
The model presented in this study is intended to be a useful tool for the calculation of contact forces during collision. For this model, one calculation step taken from the contact moment will be divided into two time stages: A free motion time stage and a contact time stage. Moreover, the assumption of a perfect inelastic collision is employed at the beginning of the colliding process. Unified node algorithms are used to calculate the motion of the contact points, and the criteria for node separation are also presented. Based on this, the concept of subdivided elements is presented to describe the process of elastic wave propagation within the colliding element.
Basic theory of CDEM
The continuous-discontinuous element method (CDEM) is an explicit time-history analysis approach for finite difference principles, and a forward difference approximation is adopted to calculate the progressive process through a time-marching scheme. CDEM is the combination of the finite element method (FEM) and discrete element method (DEM), which contain two types of elements, blocks and contacts [21] .
The equations of motion are obtained from equilibrium conditions of all forces acting on the nodal masses, resulting in a system of equations of the form,
where u,  u , and  u denote vectors containing the nodal displacements, velocities, and accelerations, respectively. M and C are the mass and damping matrices, and the vectors F(t) and P(t) contain the internal and external nodal forces.
To solve the large rotation and deformation of the blocks, the incremental method should be adopted, and strain matrix [B] (instead of stiff matrix [K]) should be used to calculate the deformation forces. Furthermore, the strain matrix should be renewed at each time step. The main equations used to calculate nodal forces using a strain matrix incremental method are written as
where
, and J i are the strain matrix, incremental strain, incremental stress, integral coefficient, and Jacobian determinant, respectively, at the Gaussian point i; [D] , {∆u} e , and {F(τ+∆τ)} e are the elastic matrix, incremental displacement vector, and new node force vector of the element, respectively; and, N is the total number of Gaussian points. For contact detection between the arbitrary convex polyhedral blocks in the CDEM, a shrunken edge algorithm is employed [21] . In the algorithm, a pair of contacting blocks are identified as a main block and a target block. As shown in Figure 1 , shrunken edges are formed by shrunken points on the main block.
Three-dimensional contact detection is then performed by determining the geometric relationship between the shrunken edge and its approaching face on the target block (Figure 2) . From the three possible geometric relationships, all six three-dimensional contact types may be precisely identified.
If two-dimensional problems are considered, this algorithm will be simplified. The contact detection process may be performed simply by determining the relationship between vertices on the main block and edges on the target block, as shown in Figure 3 . Based on the distance, d n , and contact tolerance, d tol , the contact state and contact points may be obtained. After the contact points have been obtained from the detect process, the contact forces, which include normal, shear, and frictional forces, are calculated using incremental displacements and the penalty method. 
